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A b s t r a c t  : W e ic p o r t a n um e ric a l s tud y  o f  the e x c ita tio n  d ynam ics  o l an a nha rm om c to rn  
le v e l sys tem  h y  a shaped lase r pu lse  in  the p ico -second  scale, u s ing  equa tio n s  o l m o t io n  lo i the  
d e n s ity  m a iu x  o l the I'ou i d isc re te  le ve ls  co up le d  hy the lase i h e ld . B o th  m e v e rs ib le  loss Iro m  
th e  to p m o s t le v e l and t ie p h a s in g  due to  in t ra m o le c u la r  in te ra c t io n s  have  been in c lu d e d  
K i ia m e ic rs  o l  SFf, have been used to i the m o d e lin g  T he  natu re  o l p o p u la tio n  h is to n e s  o l the  
lo u r  v ih ia t io n a l le v e ls  and the h is to n e s  o l leakages to  the q u u s ic o n t in u u m  (Q C ) due to  lasei 
pu lses o f  s lo w ly  o r  ra p id ly  v a iy in g  in te n s ity  p io f ile s  w ith  frequenc ies  tuned to  one, tw o  and lln e e  
pho ton  resonances have been s tud ied  in  de ta il T he  in f lu e n ce  o l t ia n s v c is e  re la xa tio n  in t ro d u c in g  
m cohe ie n ce  in to  the e x c ita t io n  p io ccss  on  the p o p u la tio n  h is tones  o f  the to rn v ib ra t io n a l le ve ls  
and on the  le a kage  to  Q C  has a lso  been in v e s t ig a te d  T he  le s u lts  show  tha t the e x c ita t io n  
d y n a m ic s  in  the  p ic o se cond  sca le  arc s ig n if ic a n t ly  d if fe te n t fo r  the lase i fre quenc ie s  tuned to  
one, tw o  and th ie e  pho to n  resonances R a p id ly  in c re a s in g  in te n s ity  p ro f i le  o l the lasei pu lse and 
h ig h  nansve rse  ic la x a t io n s  and leakages a lso  a lle i the e x c ita tio n  h is to n e s  s ig n i l ic a n t ly
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1. Introduction
Ilk- e x c i t a t i o n  d y n a m i c s  o f  p o l y a t o m i c  m o l e c u l e s  u n d e r  s t r o n g  l a s e r  p u l s e  o l  v a r i o u s  
d i a p e s  a n d  d u r a t i o n s  h a v e  b e e n  s t u d i e d  e x p e r i m e n t a l l y  b y  m a n y  g r o u p s  i n  t h e  l a s t  t w o  
s l c c a d c s  u s i n g  m o r e  a n d  m o r e  s o p h i s t i c a t e d  t e c h n i q u e s  [ 1 - 7 ]  a n d  i n  s o m e  c a s e s  l i k e  C F ^ I ,  
o d o r m a t i o n  i s  n o w  a v a i l a b l e  a b o u t  t h e  p o p u l a t i o n  h i s t o r i e s  a t  d i f f e r e n t  r e g i o n s  o f  t h e  
v | b t a i i o n a l  l a d d e r  w i t h  h i g h  t e m p o r a l  r e s o l u t i o n s  [ 7 ] ,  T h e o r e t i c a l  w o r k s ,  u n t i l  r e c e n t l y ,  
' U v c  b e e n  c o n f i n e d  m o s t l y  t o  s t u d y i n g  t h e  r e s p o n s e  o f  a  l a d d e r  o l  m u l t i l e v e l  s y s t e m  t o  
SLl u a r c  l a s e r  p u l s e s  [ 8 - 1 0 ] ,  U s u a l l y  m u l l i s l a l e  S c h r o d i n g e r  e q u a t i o n s  a r e  s o l v e d  t o  o b t a i n
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d e s c r i p t i o n s  o f  c o h e r e n t  e x c i t a t i o n s  t h a t  p r e s e r v e  t h e  p h a s e  r e l a t i o n s h i p s  a m o n g s t  th e  
p r o b a b i l i t y  a m p l i t u d e s  l e a d i n g  t o  s u c h  e f f e c t s  a s  p o p u l a t i o n  ( R a b i )  o s c i l l a t i o n s  a n d  
p o p u l a t i o n  t r a p p i n g .  E v e n  w i t h i n  t h i s  f r a m e w o r k  v a r i a t i o n  o f  i n t e n s i t y  a n d  f r e q u e n c y  o f  th e  
l a s e r  p u l s e  a n d  s t r u c t u r e  o f  t h e  l a d d e r  ( a n h a r m o n i c i t y ,  l i n e w i d t h  etc) p r o d u c e s  m a n y  
i n t e r e s t i n g  c h a n g e s  i n  t h e  p o p u l a t i o n  h i s t o r i e s  o f  t h e  l e v e l s .  R e s p o n s e s  o f  s u c h  s y s t e m s  to  
s q u a r e  l a s e r  p u l s e s  o f  d i f f e r e n t  i n t e n s i t i e s  a n d  f r e q u e n c i e s  h a v e  b e e n  d e s c r i b e d  b y  S h o r e  
er at \ I I ]  f o r  b o t h  l e a k y  a n d  l o s s l e s s  l a d d e r  o f  s l a t e s .  I t  h a s  b e e n  s h o w n  t h a t  i f  t h e  l e a k a g e  
r a t e  I m m  t h e  t o p  ( N - t h )  l e v e l  i s  m u c h  l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  R a b i  f r e q u e n c y  t h e n  th e  
I a s i  t r a n s i t i o n  i s  i n e f f e c t i v e  a n d  t h e  s y s t e m  b e h a v e s  l i k e  a  l a d d e r  w i t h  ( N - l )  l e v e l s .  O t h e i  
p r o c e s s e s  t h a t  s u p p r e s s  t h e  p h a s e  r e l a t i o n s h i p  ( c o h e r e n c e )  l i k e  v a r i o u s  r e l a x a t i o n s  i n  t h e  
l o w e r  d i s c r e t e  r e g i o n  o f  t h e  l a s e r  a b s o r b i n g  m o d e  o f  a  p o l y a t o m i c  m o l e c u l e  s h o u l d  p r o d u c e  
e q u a l l y  i n t e r e s t i n g  c h a n g e  i n  t h e  p o p u l a t i o n  h i s t o r i e s  o f  d i f f e r e n t  l e v e l s  o f  t h e  s y s t e m  S u c h  
d a m p i n g  t e r m s  a r c  g e n e r a l l y  i n t r o d u c e d  e m p i r i c a l l y  i n  a  B l o c h  e q u a t i o n - d e n s i t y  m a t r i x  
d e s c r i p t i o n  o f  t h e  e x c i t a t i o n  p r o c e s s  w h i c h ,  u n l i k e  t h e  l i m e  d e p e n d e n t  S c h r o d m g e r  
e q u a t i o n ,  d e a l s  d i r e c t l y  w i t h  t h e  p r o b a b i l i t i e s  [ I 2 |
S t u d i e s  o f  n i u l u p h o t o n  e x c i t a t i o n  a n d  d i s s o c i a t i o n  o f  p o l y a t o m i c  m o l e c u l e s  u n d c i  
s q u a r e  l a s e r  p u l s e  o f  n a n o s e c o n d  d u r a t i o n  h a d  b e e n  c a r r i e d  o u t  b y  s e v e r a l  a u t h o r s  i n  th e  
e a r l y  e i g h t i e s  u s i n g  m o d e l s  o f  m u l t i l e v e l  s y s t e m s  w i t h  t r a n s v e r s e  r e l a x a t i o n s  a n d  l o s s  t o  Q C  
w i t h i n  t h e  f i a m c w o r k  o f  B l o c h  e q u a t i o n s  o f  t h e  d e n s i t y  m a t r i x  o f  t h e  s y s t e m  [ 1 3 - 1 8 ] ,  T h e s e  
s t u d i e s  i n v e s t i g a t e  t h e  t i m e  a v e r a g e d  p r o p e r t i e s  o f  t h e  m o l e c u l e s  l i k e  f r e q u e n c y  r e s p o n s e  
a n d  f l u e n c c  a n d  t e m p e r a t u r e  d e p e n d e n c e  o f  m u l t i p h o t o n  a b s o r p t i o n  ( M P A )  a n d  d i s s o c i a t i o n  
( M P D ) ,  e n e r g y  d i s t r i b u t i o n  o f  p o p u l a t i o n  i n  t h e  Q C ,  t h e  n a t u r e  o f  d i s c r e t e  l e v e l  b o t t l e n e c k ,  
e o l l i s i o n a l  h o l e  f i l l i n g  c f l e c t ,  en, u n d c i  s q u a r e  l a s e r  p u l s e s .  H o w e v e r ,  t h e  i n f l u e n c e  o f  th e  
i n t e n s i t y  c h a n g e  o f  s h a p e d  l a s e r  p u l s e s  o n  t h e  p o p u l a t i o n  h i s t o r i e s  i n  t h e  d i f f e r e n t  l e v e l s  oi 
t h e  d i s c i e t c  r e g i o n  w e r e  n o t  s t u d i e d  m  d e t a i l  a l t h o u g h  t h e  i n t e r e s t  i n  u s i n g  t h e  s h a p e  o f  the  
p u l s e  t o  p o p u l a t e  a  g i v e n  v i b r a t i o n a l  s t a l e  p r e f e r e n t i a l l y ,  ‘ b e a t i n g  i n t r a m o l e c u l a r  v i b r a t i o n a l  
r e l a x a t i o n ' ,  d a t e s  b a c k  t o  t h e  e a r l y  d a y s  o f  i n f r a r e d  m u l t i p h o t o n  d i s s o c i a t i o n  s t u d i e s  
| 2 , 5 , l ( ) l  A t t e m p t s  t o  d o  t h i s  b y  s h o r t e n i n g  t h e  p u l s e  l e n g t h  a n d  i n c r e a s i n g  t h e  i n t e n s i t s  
l a d e d  i n i t i a l l y  b e c a u s e  o f  c o m p l e t e  l o s s  o f  s e l e c t i v i t y  d u e  t o  p o w e r  b r o a d e n i n g .  B u t  th e  
s c e n a r i o  h a s  c h a n g e d  c o m p l e t e l y  o v e r  t h e  l a s t  f e w  y e a r s  w i t h  t h e  a d v e n t  o f  p i c o s e c o n d  an d  
f e m t o s e c o n d  l a s e r  p u l s e s  a n d  d e v e l o p m e n t  o f  s e v e r a l  t e c h n i q u e s  f o r  s e l e c t i v e  e x c i t a t i o n  ol 
m o l e c u l e s  u s i n g  u l t r a s h o r t  p u l s e s  [ 1 9 |  S e v e r a l  s t u d i e s  h a v e  i n d i c a t e d  t h a t  t h e  g o a l  ol 
s e l e c t i v e  e x c i t a t i o n  c a n  b e  a c h i e v e d  b y  d e s i g n i n g  p u l s e s  o f  m o d u l a t e d  f r e q u e n c y  [ 20 ] o i  by 
p i o p e r l y  c h o s e n  m u l l i f r c q u c n c y  p h a s e  l o c k e d  p u l s e s  [2 1 1 i n s t e a d  o f  a  s i n g l e  m o n o c h r o m a t i c  
p u l s e  I n  t h i s  c o n n e c t i o n  m e n t i o n  m a y  b e  m a d e  o f  R a b i t z  a n d  c o w o r k e r s  [ 2 2 ]  w h o  i n s t e a d  
o f  a r b i t r a r i l y  c h o o s i n g  a  p u l s e  s h a p e ,  p r o c e e d e d  f r o m  f i r s t  p r i n c i p l e  a n d  u s e d  t h e  O p t i m a l  
C o n t r o l  T h e o r y  ( O C T )  t o  o p t i m i z e  s y s t e m a t i c a l l y  t h e  p u l s e  s h a p e  f o r  a c h i e v i n g  s e l e c t i v e  
e x c i t a t i o n  t o  s p e c i f i c  t a r g e t  s t a l e s .  D i r e c t  e x p e r i m e n t a l  c o n f i r m a t i o n  o f  t h e s e  p u l s e  s h a p e s  
r e c o m m e n d e d  b y  O C T  i s  a l s o  n o w  b e i n g  l o o k e d  f o r .  I n  t h e  m e a n t i m e ,  i t  s e e m s  t o  be 
n e c e s s a r y  t o  s t u d y  t h e  s p e c i a l  f e a t u r e s  o f  t h e  r e s p o n s e  o f  t h e  m u l t i l e v e l  s y s t e m s  t o  v a r i o u s ! )  
s h a p e d  l a s e r  p u l s e s  o f  s h o r t  d u r a t i o n .
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I n  a  r e c e n t  p a p e r  [ 2 3 ] ,  a  s i m p l e  m o l e c u l a r  m o d e l  h a s  b e e n  i n v e s t i g a t e d  b y  t h e  
p i e s c n l  a u t h o r s  u s i n g  l a s e r  p u l s e s  o f  v a r i o u s  s h a p e s  i n c l u d i n g  G a u s s i a n  a n d  m u l t i m o d e  
pulses. W e  c o m p a r e d  t h e  r e s u l t s  w i t h  t h o s e  o b t a i n e d  u s i n g  c o n s t a n t  i n t e n s i t y  l a s e r  o f  s a m e  
l l u e n c e  ( 5  J / c m 2 ) ,  f r e q u e n c y  a n d  d u r a t i o n .  T h i s  m o d e l  i n c l u d i n g  b o t h  t h e  d i s c r e t e  r e g i o n  
k, n d  t h e  Q C  c o n c e n t r a t e d  p r i m a r i l y  o n  h o w  t h e  s h a p e  o f  t h e  l a s e r  p u l s e  a f f e c t s  t h e  l e a k a g e s  
i o  Q<\ t h e  t e m p o r a l  a n d  e n e r g y  d i s t r i b u t i o n  o f  p o p u l a t i o n s  a t  d i f f e r e n t  r e g i o n s  o f  Q C  a n d  
i h e  t o t a l  a b s o r p t i o n .  I t  w a s  s h o w n  t h a t  i n c l u s i o n  o f  p h a s e  r e l a x a t i o n  e n h a n c e s  e x c i t a t i o n  
uMisidciably a n d  t h e  a b s o r p t i o n  d u e  t o  s h a p e d  l a s e r  p u l s e  w a s  f o u n d  t o  b e  g r e a t e r  t h a n  t h e  
,<>iresponding c o n s t a n t  i n t e n s i t y  p u l s e  o f  s a m e  f r e q u e n c y ,  f l u e n c e  a n d  d u i a l i o n  w i t h  t h e  
h e q u e n c y  s l i g h t l y  o n  t h e  r e d  o f  t h e  o n e  p h o t o n  l e s o n a n t  f r e q u e n c y .  T h e  e f f e c t  w a s  f o u n d  t o  
W  li>s in t h e  I r e q u e n c y  r e g i o n  w h e r e  t h e  b o t t l e n e c k  i s  v e r y  low c.g., a t  t h e  t h r e e  p h o t o n  
lesomincc f r e q u e n c y  o r  v e r y  h i g h  e.f>. w h e n  t h e  f r e q u e n c y  i s  b l u e  s h i f t e d  f r o m  t h e  
lundamcnlal. T h e  e x c i t a t i o n  h i s t o r i e s  i n  t h e  d i s c r e t e  r e g i o n ,  h o w e v e r ,  w e r e  n o t  r e p o r t e d  i n  
d e t a i l  I n  t h e  p r e s e n t  p a p e r  w e  i n v e s t i g a t e  t h e s e  e x c i t a t i o n  h i s t o n e s  i n  t h e  d i s c r e t e  r e g i o n  f o r  
i w o  different G a u s s i a n  p u l s e  s h a p e s  o f  1 5  n s  d u r a t i o n  w i t h  o n e  (F2) h a v i n g  f l u e n c e  8 t u n e s  
d i a l  o f  t h e  o t h e r  ( F I )
T h e  p a p e i  i s  o r g a n i s e d  i n  t h e  f o l l o w i n g  m a n n e r  . m  S e c t i o n  2 w e  d i s c u s s  t h e  
mathematical m e t h o d s  a n d  c o m p u t a t i o n a l  t e c h n i q u e s  u s e d  W e  h a v e  o m i t t e d  s o m e  o f  I h e  
equations w h i c h  c a n  b e  f o u n d  i n  r e f e r e n c e  1231. I n  S e c t i o n  3 w e  p r e s e n t  t h e  r e s u l t s  a n d  
v onclude i n  S e c t i o n  4
2.' Mathematical formulation
T h e  m u l t i l e v e l  o p t i c a l  B l o c h  e q u a t i o n s  d e s c r i b i n g  t h e  t i m e  e v o l u t i o n  o f  p o p u l a t i o n  m  t h e  
d i s c i  e i e  r e g i o n  c a n  b e  w r i t t e n  i n  t h e  f o r m
a n d  rvv -  () l o r  v *  3 .  H e r e  f vk's a r c  t h e  i n t r a m o l e c u l a r  r e l a x a t i o n  t e r m s  w h e n  v *  k c a u s e d
d i a l  o c c u r s  f r o m  t h e  t o p  o f  t h e  l a d d e r  t o  t h e  Q C .  T h i s  r a t e  i s  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  
a n d  h e n c e  i s  l i m e  d e p e n d e n t .  T h e  m a t r i x  e l e m e n t s  o f  H f o r  l i c l d  o f  a m p l i t u d e  E(t) a n d  
I r e q u e n c y  aj{ a r e  g i v e n  b y
w h e i e  A 'u  i s  t h e  a n h a r m o m c i t y  o f  t h e  l a s e r  a b s o r b i n g  ( v M  m o d e  a n d  M ) t ' s  d i p o l e  m a t i i x  
e l e m e n t  t o i  0  —» I t r a n s i t i o n .  W e  u s e  X 33 =  - 1 . 7 4 2 6  c m -1 a n d  Pq\ — 0 . 4 3 7  D, t h e  p a r a r n e l c i s  
U scd  m  o u r  e a r l i e r  w o r k s  f o r  t h e  m o d e  o f  S F ^  [ 2 5 , 2 7 ] .  U s i n g  a  t r a n s f o r m a t i o n  o f  t h e  f o r m
(2.1)
h y  t h e  c o u p l i n g s  w i t h  a  h e a l  b a t h  p r o v i d e d  b y  o t h e r  m o d e s  a n d  F u  i s  t h e  r a t e  o f  l e a k a g e
Hyy =  =  ^ 0  +  “  1
Hw -\  =  Hv , v E(t)cos(0Lr a n d
AC = W ^ lol;
( 2 . 2 )
P,f = p lfCxp(i\>0)Lt) w i t h  v = j ~ i ( 2 . 3 )
'»B<5)-2
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a n d  m a k i n g  t h e  r o t a t i n g  w a v e  a p p r o x i m a t i o n  w e  g e t  a  s e t  o f  1 6  e q u a t i o n s  f o r  t h e  d e n s i t y  
m a i l  i x  e l e m e n t s  T h e  o f f  d i a g o n a l  r e l a x a t i o n  t e r m s  ( ^ - r e l a x a t i o n )  a r e  t a k e n  a s
r v, =  ( S v  + S , ) HL ’ v , i ‘'  ( 2  41
as a s s u m e d  m  [ 1 3 ,  1 4  a n d  1 6 ] ,  H e r e  a n d  a r e  t h e  d e n s i t y  o f  s t a t e s  a t  t h e  i n i t i a l  a n d  l i n a l  
e n e i g y  l e v e l s  a n d  Htmh i s  g e n e r a l l y  t r e a t e d  a s  a n  a d j u s t a b l e  p a r a m e t e r  e s t i m a t i n g  t h e  l i n e  
w k i t h  i n  t h e  d i s c r e t e  r e g i o n  T h e  Q C  i s  a s s u m e d  t o  b e g i n  w h e r e  , t >  1 [ 1 3 - 1 8 J .  I t  c a n  h e  
shown t h a t  t h e  l o s s  t e r m  f r o m  t h e  u p p e r m o s t  s t a t e  ( v  =  3 )  c a u s e s  a n  e x t r a  o f l  d i a g o n a l  
le laxation t e r m  ( 1 / 2 )FU m  t h e  B l o c h  e q u a t i o n s  c o n n e c t i n g  a l l  s t a l e s  t o  t h i s  s t a t e  ( v ~  
horn w h i c h  l o s s  o c c u r s  [ 2 4 1
A s  s h o w n  e a r l i e i ,  t h e  1 6  c o u p l e d  e q u a t i o n s  c a n  b e  t r a n s f o r m e d  i n t o  1 5  e q u a t i o n s  
w i t h  i c a l  c o e f f i c i e n t s  u s i n g  t h e  l o l l o w m g  t r a n s f o r m a t i o n s  12 4 ,  2 6 ]  \
Uv, = Pvs +  / \ v  ’
=  Pvs '
f o r  v  *  a 2 5i
‘M,tl » v, =- (2 fu
w i l l i  v ,  s =  0 ,  I ,  2 ,  3  T h e  r e m a i n i n g  e q u a t i o n  c a n  b e  f o r m u l a t e d  a s  e x p r e s s i n g  t h e  c h a n g e  m  
t o t a l  p o p u l a t i o n  m  t h e  f o u r  l e v e l s  u '4 d u e  t o  l e a k a g e  f r o m  t h e  t o p m o a  l e v e l
P
A “  f}(K) P\ | +  Pl2 +  P}}  (2 /l
T h e  t i a n s l o r m c d  e q u a t i o n s  w i t h  r e a l  c o e l f i c i c n l s  a n d  t h e  m e t h o d  t i l  s o l u t i o n  a r e  g i v e n  in  th e  
a p p e n d i c e s  i n  l e f e i c n c e  12 3 1  T h i s  s e t  o t  e q u a t i o n s  l o r  t h e s e  t i a n s l o r m e d  v a r i a b l e s  w i i t t e n  
i n  t h e  m a l l i \  l o i m
\Y = M W  (2 8 )
c a n  b e  s o l v e i l  m  l i m e  s t e p s  o v e r  w h i c h  M  i s  a l m o s t  c o n s t a n t .  I n  o u r  c a l c u l a t i o n s  t h e  t o t a l  
time ovei w h i c h  t h e  e q u a t i o n s  o l  m o t i o n  a r e  i n t e g i a i e d  is 1 5  n s  T h o u g h  r a t h e r  c o a r s e  giid 
s i / e  o l  0  3 3  o i  0  1 6 7  n s  g i v e s  a  f a i r l y  s a t i s f a c t o r y  c o n v e r g e n c e  f o r  t h e  p o p u l a t i o n s  a t  
d i l f e r e n t  d i s c i  e t c  v i b r a t i o n a l  l e v e l s  a n d  t h e  l i m e  d e p e n d e n t  l o s s  r a t e s  a v e r a g e d  o v e r  a  l e w  
R a b i  p e r i o d s  a n d  t h e  t o t a l  l o s s  t o  Q C ,  t h e  R a b i  o s c i l l a t i o n  o f  t h q _ p o p u l a l i o n s  t h e m s e l v e s  
m u s t  h e  d e s c r i b e d  o n l y  w i t h  a  t u n e  s t e p  s e v e r a l  l i m e s  l e s s  t h a n  Lhe  R a b i  t i m e  p e r i o d .  F o r  th e  
s h a p e d  l a s e r  p u l s e s  u s e d  i n  o u i  c a l c u l a t i o n s  t h e  R a b i  p e r i o d  v a r i e s  b e t w e e n  3 5  a n d  2 0 0  
p i c o s e c o n d .  W e  u s e  a  t i m e  s t e p  o f  1 0  p s  l o r  a l l  c a l c u l a t i o n s  p r e s e n t e d  h e r e .  T h e  v a l u e  o l  th e  
l o s s  t e r m  i s  c h o s e n  t o  m a t c h  t h e  c r o s s  s e c t i o n  f o r  3 v , —> 4 v j  t r a n s i t i o n  o b t a i n e d  io i  
t h e  f r e q u e n c y  0 4 8  c m  1 a t  t h e  s a m e  i n t e n s i t y  i n  [ 2 5 ] .  T h i s  g i v e s  =  0 . 0 1 1 2 6  c m ' 1 a t 
10s  W / c n v .  T h e  v a l u e s  o f  d i f f e r e n t  r e l a x a t i o n  t e r m s  c a l c u l a t e d  w i l h  Honh =  0 . 0 1  c m  1 
( a s  a s s u m e d  b y  m a n y  a u t h o r s  t o r  S F 6 [ 1 3 , 1 7 ] )  a r e  a s  t o l l o w s  1 r l}1 =  0 ;  / q2 =  0 . 0 0 1  c m  
=  0 . 0 0 2 2 2  c m  >. / j 2 =  0 . 0 0 1 5  e n r 1; r , 3 =  0 . 0 0 2 6 2  e n v  1 a n d  T 23 =  0 . 0 0 3 1 2  e n r 1 T h u s  
t h e  l e a k a g e  i n d u c e d  c o h e r e n c e - l o s s  t e r m  ( l / 2 ) T c o n n e c t i n g  v =  0 , 1 , 2  w i l h  v =  3  i s  e i t h e r  
c o m p a r a b l e  o r  g r e a t e r  i n  m a g n i t u d e  t o  t h e  7 T 1 d e p h a s i n g  t e r m s .  I t  h a s  b e e n  s h o w n  in
M u ltip h o to n  e x c i ta t i o n  d y n a m ic s  o f  p o ly a to m ic  m o le c u le s  eft 5 4 l )
i e l  e r e n c e  12 3 J t h a t  t h e  p h a s e  r e l a x a t i o n s  e n h a n c e  i h e  o v e r a l l  e x c i t a t i o n  l o  i h e  h i g h e r  
X i h r . U K H i a l  s t a l e s  s i g n i f i c a n t l y  1 3 ] .
3. Results and discussion
In h e u i e  l ,  t h e  i n t e n s i t y  p r o f i l e  l o r  t h e  t w o  d i f l e r e n t  p u l s e  s h a p e s  P I  a n d  l ;2  u s e d  i n  
t i ns  s i u d > ,  a i e  s h o w n .  T h e  i n s e t  s h o w s  t h e  l i m e  d e p e n d e n c e  o l  f l u e n c e  o f  t h e s e  t w o  p u l s e s
FiKUre 1. Inlcnsily profiles of the laser pulses (FI and F2) ol duialion 15 ns
Insel Fluence vetsus tunc plot lor the two shaped lasei pulses (FI and P2)
1 I h e  l u n c t i o n a l  f o r m s  a n d  v a l u e s  o f  t h e  p a r a m e t e r s  u s e d  t o  g e n e r a t e  t h e  p u l s e  s h a p e s  m e  
tTi \ e n  m  A p p e n d i x - 1) . T h e  t w o  p u l s e s  a r e  1 5  n a n o  s e c o n d  l o n g  h a v i n g  a  s i n g l e  p e a k  a t  
m o u n d  7  a n d  1 0  n s  r e s p e c t i v e l y .  A l t h o u g h  t h e i r  s h a p e s  a r e  s i m i l a r ,  r h e  p e a k  i n t e n s i t y  o f  F 2  
ls n e a t l y  8 t i m e s  t h a t  o f  F I .  T h e  l i m e  s t e p  o f  1 0  p s  u s e d  f o r  c a l c u l a t i o n  i s  s m a l l e r  t h a n  t h e  
n m i i m u m  R a b i  t i m e  p e r i o d  a t  t h e  p e a k  i n t e n s i t y .  I n t e g r a t e d  q u a n t i t i e s  l i k e  t o t a l  l o s s ,  
d v e u g e  l o s s  r a t e s  a n d  a v e r a g e  p o p u l a t i o n s  o f  d i f f e r e n t  s t a t e s  h a v e  b e e n  f o u n d  t o  c o n v e r g e  
t o r  a  c r u d e  s t e p  s i z e  o f  0.33  n a n o s e c o n d .
I n  t h e  n e x t  t h r e e  s e t s  o f  F i g u r e s  ( F i g u r e s  2 - 4 ) ,  t h e  p o p u l a t i o n  h i s t o n e s  o f  t h e  4  
d i s u e t e  l e v e l s  a r e  s h o w n  I r o m  t h e  b e g i n n i n g  o f  t h e  p u l s e  u p t o  3  n s  u s i n g  t h r e e  d i f f e r e n t  
l“ KvM> h e q u e n c i e s .  I n  a l l  t h e s e  c a s e s ,  t h e  p u l s e  s h a p e  w a s  F I .  T h e  f r e q u e n c i e s  u s e d  a r e
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9 4 8  c m 1, 9 4 6 . 2 5 7 4  c m " 1 a n d  9 4 4 , 5 1 4 8  c m -1 w h i c h  c o r r e s p o n d  t o  o n e  ( £ ]  -  £ 0 ) ,  t w o  
( ( f 2 -  £ 0 ) / 2 )  a n d  t h r e e  p h o t o n  -  e 0 ) / 3 )  r e s o n a n c e  f r e q u e n c i e s  b e t w e e n  t h e  s t a t e  v =  0 
a n d  r  =  1 , 2  a n d  3  r e s p e c t i v e l y .  £v i s  t h e  e n e r g y  o f  t h e  v i b r a t i o n a l  l e v e l  v .  T h e  i n t e n s i t y  
o l  t h e  p u l s e  F I  i s  q u i t e  l o w  u p l o  3  n s  a n d  t h e s e  p l o t s  s h o w  t h e  l o w  i n t e n s i t y  r e s p o n s e  o f  t h e
Figure 2. The population histories o f the lour vibrational levels v = 0 -  .1 between 0 arid 
nanosecond loi the lasei pulse shape FI and a)L -  y48 cm-1, calculated using 10 ps time steps
s y s t e m  w h e n  b o t h  t h e  d y n a m i c  S t a r k  s h i f t s  a n d  p o w e r  b r o a d e n i n g  o f  d i f f e r e n t  s l a t e s  a i f  
s m a l l .  W h e n  u)L i s  9 4 8  c m -1 ( F i g u r e  2 )  t h e  s y s t e m  i n i t i a l l y  b e h a v e s  l i k e  a n  i s o l a t e d  t w o  
l e v e l  s y s t e m  w i t h  a l l  t h e  p o p u l a t i o n  r e m a i n i n g  c o n f i n e d  t o  t h e  f i r s t  t w o  l e v e l s  d u e  to 
r e s o n a n c e .  T h e  p r o b a b i l i t i e s  o f  o c c u p a t i o n  o f  t h e  l e v e l s  v  =  0  a n d  v  =  1 ( P ( 0 )  a n d  P U )  
r e s p e c t i v e l y )  o s c i l l a t e  b e t w e e n  t h e  v a l u e s  0  a n d  1 i n  o p p o s i t e  p h a s e  w i t h  t i m e  p e r i o d  ul 
0 . 2  n s  a p p r o x i m a t e l y  a s  e x p e c t e d  i n  a  t w o  l e v e l  s y s t e m  w i t h  z e r o  d e t u n i n g .  P o p u l a t i o n s  in 
v  =  2 a n d  3 a r e  i n s i g n i f i c a n t  b u t  a s  t h e  i n t e n s i t y  o f  t h e  l a s e r  p u l s e  i n c r e a s e s  w i t h  t i m e  a 
l a r g e r  f r a c t i o n  o f  p o p u l a t i o n  i s  p u s h e d  u p  f r o m  v = 0  t o  v =  2  a n d  3  b e c a u s e  o f  power 
b r o a d e n i n g  a n d  s h i f t  - o f  t h e  d r e s s e d  s t a t e s .  T h u s  t h e  m a x i m u m  p o p u l a t i o n  i n  v  =  1 d e c r e a s e s  
s ’o w l y  w i t h  i n c r e a s i n g  t i m e .  T h e  p o p u l a t i o n s  o f  a l l  t h e  e x c i t e d  s t a t e s  o s c i l l a t e  n e a r l y  in 
p h a s e  i n i t i a l l y  b u t  w i t h  i n c r e a s i n g  i n t e n s i t y  o f  t h e  p u l s e  t h e  f l o p p i n g  p e r i o d  d e c r e a s e s  and
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they go out of phase. Loss to the quasicontinuum from v = 3 is insignificant during this 
interval (0 -3  ns).
Figure 3. Same as in Figure 2 bul for (Di -  946 2574 cm
In Figure 3, the population histories of the four levels tor the same laser pulse and 
in the same time interval are shown when the laser frequency is 946.2574 cm"1 i.e., when 
v = 0 and v = 2 are in two photon resonance. Here, as expected, the population is initially 
confined to v = 0 and v = 2 with period of oscillation 0.6 ns. The oscillation ot P(0) and 
P(2), however, shows structures since a significant fraction of population oscillates between 
v = 0 and 1 with a different period. The period of oscillation of P( 1) is about 0.08 ns with an 
envelop oscillation of period 0.6 ns superimposed on it. The smaller period for oscillation 
ot P(l) is due to large positive detuning of v = 1 with respect to coi. The time period for 
oscillation for two photon excitation from the ground state is nearly three times that for one 
photon resonant excitation (Figure 2). As the intensity of the laser pulse increases with 
time, the populations in all the 4 levels oscillate faster and the locally time averaged 
populations in v = 1 and 3 become significant. It should be noted that in the initial period 
when the loss to QC is almost zero the total probability (population) in the four states is 
-onserved and merely cycles through the states. Probabilities being absolute squares of 
amplitudes oscillating at combination of frequencies, involve sums and differences of
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c i  g e n  f r e q u e n c i e s .  I t  h a s  b e e n  s h o w n  i n  [ 1 I J  t h a t  f o r  a  t h r e e  s t a t e  l o s s l e s s  r e s o n a n t  e x c i t a t i o n  
t h e  p e r i o d  o f  t h e  m i d d l e  s t a t e  o f  t h e  l a d d e r  i s  h a l f  o f  t h a t  o f  t h e  f i r s t  a n d  t h e  l a s t  s t a t e s .  T h e  
s m a l l  p o s i t i v e  d e t u n i n g  l o r  v =  1 a l s o  r e d u c e s  t h e  t i m e  p e r i o d  f u r t h e r .  T h i s  d o c s  n o t  o c c u r  
l o r  P ( 3 )  ( v  =  3  h a s  n e g a t i v e  d e t u n i n g )  w h i c h  o s c i l l a t e s  w i t h  a l m o s t  t h e  s a m e  t i m e  p e r i o d  a s  
P({)) a n d  P{2) i.e. , 0 . 6  n s  i n i t i a l l y .
F i g u r e  4  p r e s e n t s  t h e  p o p u l a t i o n  h i s t o r i e s  f o r  t h e  4  l e v e l s  w h e n  t h e  p u l s e  f r e q u e n c y  
i s  9 4 4 . 5 1 4 8  c m - 1 . A t  t h i s  f r e q u e n c y  t h r e e  p h o t o n  r e s o n a n c e  s t r o n g l y  c o u p l e s  v  =  0  a n d  v  =  3 
i n i t i a l l y  w h e n  t h e  i n t e n s i t y  o f  t h e  p u l s e  i s  l o w .  A s  s e e n  f r o m  t h e  p l o t  t h e  h i s t o r y  o f  
e x c i t a t i o n  p r e s e n t s  a  c o m p l e t e l y  d i f f e r e n t  p i c t u r e  h e r e .  T h e  t h r e e  p h o t o n  R a b i  p e r i o d  i s  v e r y  
l a r g e  i n i t i a l l y  i.e., a b o u t  1.2 n a n o s e c o n d  b u t  d e c r e a s e s  w i t h  i n c r e a s i n g  i n t e n s i t y  o f  t h e  l a s c i  
p u l s e .  I t  i s  w e l l  k n o w n  t h a t  [ 1 1 1  n - p h o t o n  r e s o n a n c e  R a b i  o s c i l l a t i o n  i s  a l w a y s  s l o w  
c o m p a r e d  t o  t h e  c h a r a c t e r i s t i c  s i n g l e  p h o t o n  r e s p o n s e  l i m e .  T h e  f a s t e r  o s c i l l a t i o n  
s u p e r i m p o s e d  o n  i t  i s  d u e  t o  p o p u l a t i o n s  f l o w i n g  i n  a n d  o u t  o f  v= I a n d  2 .  T h e  o s c i l l a t i o n s  
o f  P{ I )  a n d  P(2 )  a r c  i r r e g u l a r  w i t h  i n i t i a l  p e r i o d  o f  a b o u t  0 . 0 7  n s .  T h e  m o s t  s t r i k i n g  f e a t u r e  
i s  t h e  i n c o m p l e t e  m o d u l a t i o n  o f  t h e  g r o u n d  s t a t e  p o p u l a t i o n  e v e n  a t  t h e  b e g i n n i n g  o f  t h e  
p u l s e  w h e n  r e s o n a n c e  i s  p e r f e c t  b e t w e e n  v  =  0  a n d  v  =  3 .  U n l i k e  o n e  o r  t w o  p h o t o n  
r e s o n a n c e  w h e r e  t h e  a m p l i t u d e  o f  o s c i l l a t i o n  o f  P ( 0 )  i s  a l m o s t  l i n i t i a l l y ,  h e r e  i t  i s  n e v e r  
m o r e  t h a n  0 . 3  a r o u n d  t h e  m e a n  v a l u e  w h i c h  d e c r e a s e s  f u r t h e r  w i t h  d e c r e a s i n g  t o t a l
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populations d u e  t o  loss a n d  i n c r e a s i n g  i n t e n s i t y  o f  t h e  p u l s e .  A l t h o u g h  t h e  i n t e n s i t y  o f  t h e  
p u l s e  i n  t h e  b e g i n n i n g  is i n s u f f i c i e n t  f o r  a p p r e c i a b l e  t h r e e  p h o t o n  e x c i t a t i o n  t h e  i n c o m p l e t e
0 5 10 15
F ig u re  5 . P  ( v )  as fu n c t io n s  o ! lim e  lo i v -  0 -  3 w hen  a)/ ~ 944 .5148  cm  1 an ti pu lse  shape F I  
he lw e e n  0 and 15 ns F u ll lin e s  show  the resu lts  w hen  loss and re la xa tio n s  are in c lu d e d  and  
dashed lin e s  show  the resu lts  w hen  they a ie  no t in c lu ded  in  the e x c ita tio n  m ode l
m o d u l a t i o n  w i l l  p e r s i s t  t h r o u g h o u t  t h e  p u l s e  e v e n  in  t h e  r e g i o n  w h e r e  t h e  i n t e n s i t y  i s  
c o m p a r a t i v e l y  h i g h .  T h i s  i s  t h e  h a l l m a r k  o f  l a r g e  d e t u n i n g  o f  t h e  i n t e r m e d i a t e  s l a t e s .  
A u o i h e i  i n t e r e s t i n g  p o i n t  t o  n o t e  i s  t h a t  a l t h o u g h  t h e  s t a t i c  d e l u n m g s  o f  v  =  l a n d  2 a t  t h i s  
I'cquency a r c  s a m e  ( 3 . 4 8 5 2  c m - 1 ) ,  t h e  a v e r a g e  p o p u l a t i o n  i n  v  =  1 i s  t h r e e  l i m e s  a s  l a r g e  a s  
d i e  a v e r a g e  P{2 )  t h r o u g h o u t  t h e  p u l s e  d u r a t i o n .  T h i s  i n d i c a t e s  t h e  r e l a t i v e  i n e f f i c i e n c y  o f  
i c m ) p h o t o n  e x c i t a t i o n  c o m p a r e d  t o  o n e  p h o t o n  e x c i t a t i o n  a t  t h e  s a m e  i n t e n s i t y .  T h e  f u l l  l i n e  
c , J p h s  i n  F i g u r e  5  s h o w  t h e  s a m e  p o p u l a t i o n  h i s t o r i e s  a s  s h o w n  i n  F i g u r e  4  l o r  t h e  
c o m p l e t e  p u l s e  t i m e  ( 1 5  n s ) .  P{3 )  i s  n e v e r  m o r e  t h a n  0 . 2  i n s p i t e  o f  t h r e e  p h o t o n  r e s o n a n c e .  
A p a r t  h o r n  t h e  l o w  p e a k  i n t e n s i t y  o f  F I  a n d  l a r g e  d e t u n i n g  o f  t h e  i n t e r m e d i a t e  s l a t e s ,  l o s s
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from v = 3 to the quasicontinuum and relaxations between v = 2 and 3 may be responsible 
for this low value of P(3).
One of the main purposes of this numerical experiment was to study the influence 
of the transverse relaxations and loss on the population dynamics of the 4-level system 
driven by a shaped laser pulse. Figure 5 also compares the population histories of the 
lour levels with (case-I) and without (case-III) transverse relaxations and loss for 
a)L = 944.5148 cm"1 for the pulse shape FI over the whole pulse length. The full and dotted
Figure 6. Loss rales (loss per 10 ps) versus pulse time upto 15 ns for the laser pulse FI of 
frequency 948 cm-1 calculated using 10 ps time steps. The symbols show same loss rate'; 
calculated using 0 167 ns time steps The dashed lines show the results when transveise 
relaxations are not included.
Inset ■ Total loss to QC calculated using the same pulse as mentioned above (Figure b) 
with 10 ps step size, is shown by full line and with 0 167 ns step size by dashed line.The dashed 
line below shows the total loss versus time when relaxations are not included
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lines show population histories for cases 1 and III respectively. In case III, the excitations of 
ihe four anharmonically shifted nondegenerate isolated levels are fully coherent. In case II 
(not shown in the figure) excitations without loss to QC is studied retaining the transverse 
relaxations. The population histories of the 4 levels are almost unaffected by loss initially 
except a noticable decrease of the peaks of the populations of v = 0, 2 and 3 levels. P (1) is, 
however, completely unaffected. This is predictable since loss is proportional to the 
instantaneous population of the topmost level and most of the leakage occurs from the 
peaks of P (3). The ground state population, however, gains again at the end of the pulse 
with decreasing intensity in the cases II and III as there is no leakage to QC. In case III the 
amplitudes of population oscillations increase significantly for all the four levels bringing 
hack near complete modulations particularly for P (0), P (2) and P (3). The populations 
now oscillate between 0 and the maximum value in a more regular fashion. While P (2) and 
P (3) are affected mostly ur the lower part reducing the average population in v = 2 and 3, 
she mean value of P (0) is increased mainly at the end of the pulse due to the absence of 
loss When the transverse relaxation terms arc put equal to zero but loss terms are retained 
P (0) is increased only around the peaks increasing the mean value. Thus, transverse 
relaxations primarily reduce the How back of populations to the ground state by reducing 
the induced emissions and causes slow accumulation of populations in the excited stales 
increasing the loss
Figure 6 shows the plot of leakage rates (loss per 10 ps) versus time with and 
without relaxation for pulse of shape FI with coL = 948 cm-1. The plot for the latter is shown 
h y  dashed lines. The inset shows the corresponding total loss. The averaged loss rates 
obtained with a time grid of 10 ps agree well with the rates obtained with a coarse grid of 
0.33 ns shown by the dots. The total loss is also unchanged when a coarser grid is used. As 
shown in the inset, the total loss decreases sharply if transverse relaxations are pul off. 
Since the leakage rates are proportional to P (3), the amplitude and the period of oscillation 
of it follow the history of P (3). It should be noted that the absence of relaxation not only 
reduces the leakage rates but also reduces the width of the temporal distribution of the 
leakage rates. In Figure 7, the same variations arc shown for 0)L = 946.2574 cm-1. Here the 
bottleneck to excitation is lower compared to the previous case.due to two photon 
resonance. Thus the leakage rates are nearly one order of magnitude higher than that 
obtained with coL = 948 cm-1. Unlike the previous case the width of the temporal 
distribution of the leakage rates is unaffected by relaxations. The dashed curve shows the 
leakage rales without the transverse relaxations. The minima of the leakage rates are now 
almost zero and the total loss (shown in the inset) decreases significantly due to the absence 
ol relaxations. It has been observed that relaxations play an even less significant role at 
= 944.5148 cm-1 where three photon resonance directly couples v = 0 and 3. The 
decrease in total loss due to the absence of relaxations is negligible at this frequency. This
7lB(5)-3
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can be inferred from Figure 5 also. Although the amplitude of oscillation of P (3) is 
larger without relaxations, the average P (3) populations are almost the same except at the 
end of the pulse.
Figure 7. Loss to QC per 10 ps versus time due to laser pulse Fj of frequency 946 2574 cm-1
Inset: Total loss to QC calculated using the same pulse as mentioned above (Figure 6) 
with 10 ps step size is shown by full line The dashed line below shows the total loss versus time- 
when relaxations arc not included
Figures 8 and 9 show the population histories for the four levels between 7 and 13 ns 
when pulse shape F2 is used with coL = 948 and 946.2574 cm-1 respectively. As mentioned 
earlier, the peak intensity of this pulse is nearly 8 times larger than the peak value of FI and 
the total fluence is 7 times that of F I. The initial response is almost the same as in the case 
of FI but with rapidly increasing intensity of the pulse, the time period of oscillation
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decreases sharply. For coL = 948 cm~l the amplitudes of •scillations of P (0) and P (1) 
decrease and those of P (2).and P (3) increase with time. At around 7.95 ns the oscillation
9 12
Tixn«(na)
Figure 8. The population histones of the tour vibrational levels v = 0 -  3 between 7 and 13 
nanosecond for the laser pulse shape F2 and (0L = 948 cm*1 calculated using 10 ps time steps.
o f  P (l) is completely stopped for about 0.05 ns and then starts again with very law 
amplitude. It again becomes zero at around 12.5 ns. The amplitude of oscillation of P (2) is, 
o n  the other hand, maximum at 7.95 ns. The intensities of the pulse at 7.95 and 12.5 ns are 
same i.e., 3 x 108 W/cm2. At this intensity, it seems, the Rabi oscillation for v = 1 is 
critically damped. The position and the nature of this damping are unaffected by the
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absence of relaxations and loss. A square pulse o f intensity 3 x  108 W /cm2, however, shows 
significant excitation to v = 1 with normal oscillation of P (1). This type of complete 
damping of oscillation o f population is not observed for other two laser frequencies used.
0  3  6  . 9 ' 1 2  1 5
0  3  6  9  ‘1 2  15
0  3  6  9  1 2  1 5
0 3 6 9 12 15
T im e(ns)
Figure 9. Same as in Figure 8 but fur (i)l = 946 2574 cm"1
At 946.2574 e n r 1, the low intensity response is sim ilar to that obtained with FI (Figure 3> 
but with rapidly increasing intensity P (1) and P (3) increase while P (0) and P (2) decrease 
rapidly. A lthough the peak intensity o f the pulse occurs at around 10 ns, the average 
populations in all the 4 levels decrease beyond 7 ns due to significant loss of the population 
to QC. The oscillation o f P (2) around the peak intensity (10 ns) is highly damped but 
um ike the previous case its amplitude is never zero.
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Figure 10 show s the population h istones upto 10 ns for the three photon resonance 
frequency 944.5148 cm " 1 with pulse shape F2. The full lines show the histories when 
nansverse relaxations (TR) r  are not included in the descriptions and the dashed lines 
show the same when both TR and loss to the QC are excluded. The absence of loss not only
0 ? 4 6 8 }0m
0 2 4 6 8 10
0 2 4 6 B 10
T lm e(n i)
Figure 10. P (v) as functions of time for v = 0 -  3 when 0)  ^= 944 5148 cm 1 and pulse shape F2 
within 0 and 10 ns. Full lines show the results when loss and relaxations are included and dashed 
lines show the results when they are absent
increases average populations o f all the four levels but also increases the am plitudes ol 
oscillations o f all the four levels since irreversible loss from the topmost level introduces an 
incoherence into the system . I f  TR are included in the descrip tion , am plitudes of 
oscillations o f populations in all the four levels show further decrease and the average value
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o f P (2) increases by 50%  around the peak and 100% at 10 ns. The total loss to QC is also 
unaffected here with o r w ithout TR . I f  we com pare the population histories fo r  pulse shapes 
FI and F2 at the sam e laser frequency (Figures;5 and 10), we can see that all the secondary 
structures in oscillations o f  populations due to the slowly varying low intensity pulse shape 
FI have d isappeared  in the case o f F2. The osc illa tions are quite  regu lar now with 
am plitudes o f  oscillations less than those obtained with F I . Thus sharply varying intensity 
o f the laser pulse m odifies the population histories significantly suppressing irregularities in 
the population oscillations.
4. Conclusions
(1) Even at very low intensity o f the laser pulse excitation histories o f the four discrete 
anharm on ica lly  sh ifted  levels are com plex and deviate  sign ifican tly  from \thc 
response  o f  an isolated tw o level system  particularly  for two and three phdton 
resonance frequencies.
(2) Both long and short time periodicities are strongly affected by the intensity profile of 
the laser pulse through Stark shift and pow er broadening. A laser pulse with rapidly 
varying intensity profile, however, forces the excited state populations to oscillate in 
phase suppressing all irregular structures.
(3) Presence o f  large negative interm ediate state detuning causes incom plete modulation 
o f  ground and excited state populations even at m ultiphoton resonance frequency
(4) T ransverse relaxation and loss to QC introduce incoherence in the excitation process 
reducing the am plitudes o f  oscilla tions o f populations in the ground and excited 
states. The absence o f  relaxations not only reduces the total loss to QC but also the 
w idth o f  the tem poral distribution o f the loss rates.
(5) W ith rapidly varying pulse shapes it is possible at certain frequencies to completely 
suppress population oscillations in one o f  the excited states tem porarily.
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A p p e n d ix  - 1
The general expression for the intensity profiles o f the laser pulses used in this study is
/, = A(f/(r + 0 )[fiSech[((f-C )/D )2]], (11-1)
where f  is the in tensity  fo r the pulse shape Fj (F\ or F2), t is the tim e m easured in 
nanosecond and A, Q, B, C and D are adjustable param eters. Their values are given in 
Table I below.
Table 1. Parameters used to generate different pulse shapes.
Pulse Q A lW/cm2] B C[nsJ D |ns]
F1 0 44 2 x I07 0.15 20/3 10/3
Fl 20/3 8.645 x 108 0.95 10 3
